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Abstract

Semisolid metal alloys have a special microstructure of globular grains suspended in a liquid metal matrix. This
particular physical state of the matter can be exploited to produce near-net-shape parts with improved mechanical
properties. Indeed, semi-solid processes take advantage of a much higher apparent viscosity of the die cast materials
by limiting the risk of oxide formed on the free surfaces to become incorporated into the casting when the material is

injected into the die.

Semi-solid processes that use billets as feedstock material are however tied up with an additional type of surface
contamination. During the injection phase, the external-skin on the periphery of the billet, which has been in contact
with air and lubricant during the transfer in the shot sleeve may be incorporated into the casting. This can be an

important cause of reject for most structural parts in the automotive industry.

In order to predict and control the occurrence of skin inclusion into cast parts during the injection phase of semi-
solid processes, Lagrangian methods are appropriate. Indeed, the skin, composed of contaminated or even partially
solidified metal, has different mechanical properties compared to the core of semi-solid aluminum. Abitrary-
Lagrangian-Eulerian formulations, which can account for the coupling between the “solid” skin and the flow of
“semi-solid” aluminum are promising but still necessitate a huge amount of computer power. On the other hand,
particle based Smoothed Particle Hydrodynamics (SPH) approaches are particularly well suited to this kind of flows
involving complex flow behavior and solidification. These methods are able to track accurately free surface flows

with fragmentation and break up as well as to follow the advection of oxides through the flow.

In this paper, a first analysis is performed in order to investigate the potential of the SPH solver of LS-DYNA to
deal with the problem of skin inclusion in semi-solid die casting processes. Preliminary results show that the SPH

approach is a very promising simulation tool to follow the skins during semi-solid injection casting.



I ntroduction

Semi-solid metal processing is an attractive technology to produce near net shape engineering
components by pressure die casting e.g. [1]. In these processes, aluminum alloys are injected
into a mould at a temperature lying between the liquidus and solidus. At this temperature, the
material looks like a semi-solid slurry having a rather high local apparent viscosity. At rest, the
material stands on its own. When sheared, the bonds between the particles are broken and the
material flows easily (shear thinning behaviour). The material thickens again when it is allowed
to stand for a while. Furthermore, the semi-solid metal slurry behaviour is dependent on the
temperature, (which also governs the solid fraction), as well as on the shape of the particles in
the suspension. These features can be exploited to fill mould cavities in a progressive manner,
thus cutting down on splashing as well as on gas, oxides and skin entrapment. This permits to
produce parts with low porosity and uniform microstructure, which can then be heat treated to
improve their mechanical properties. Semi-solid processes are thus suitable for the production of
structural applications in the automotive industry.

Semi-solid slurries are first obtained by stirring the alloys during the solidification step in
order to produce a non-dendritic solid phase within the liquid metal matrix. Ideally, the semi-
solid material should be homogeneous but in practice, it is not completely right. For instance, in
many rheo-moulding processes e.g. [2], the billet is obtained from liquid aluminum that partially
solidifies before being injected into the cavity as a semi-solid material. During the preparation of
the billet and its transfer into the shot sleeve, the aluminum in contact with the container wall
may form a “skin” around the semi-solid core. The top circular surface of the billet that remains
in contact with air during the billet preparation is also prone to oxidation.

When inserted horizontally into the shot sleeve, the contact between the bottom part of the
billet and the shot sleeve wall is greater because of gravity. The heat transfer is also greater there
and yields a “skin” that may be partially solidified. The “thickness” of the skin depends on the
time spent in the shot sleeve before the injection. Most of the lubricant in the shot sleeve lies at
the bottom and gets in contact with the external surfaces. When injected into the cavity, these

contaminated surfaces will probably enter into the part and yield undesired defects.



During heat treatment of the part, the lubricant that contaminated the surfaces that were
injected into the casting, is decomposed and produces “lens shape” porosities as depicted in

figure 1.
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Figure 1: Porosity lens defects along a shearing plane

On this figure, the defects are on the shearing plane, where they were formed, but they could
also propagate downstream depending on the ensuing velocity field. These defects can have
definitely detrimental effects on the part integrity. To limit any serious consequences, the
distribution of the skin inside the casting must be managed by properly controlling and directing
the flow during the injection phase. In order to achieve that, a proper technique to predict the
possible paths followed by the skin inclusions must first be developed. In this paper, prediction
of skin inclusion in semi-solid casting processes by using the smooth particle hydrodynamics

(SPH) approach of LS-DYNA is thus investigated.
Modelling

Modelling semi-solid processes is challenging as it sits on the edge between solid deformation
and fluid mechanics modelling [3]. The semi-solid material is considered as a saturated two
phase medium made of liquid and solid phases. Each phase has its own behaviour, which can be
affected by the presence of the other phase by means of interfacial contributions. As described in
the previous section, the semi-solid billet frequently includes a “partially-solidified” skin which
is often contaminated by oxides and lubricants. All these features must be considered in order to
properly model the injection of semi-solid billet into the die.

Many models have been developed to account for the two-phase nature of the flow, e.g. [4].

These models permit to describe the segregation phenomena between the phases and to define



more accurate rheological behaviours for the semi-solid slurry. In the end, the mechanical
properties should be predicted with more details but these models are rather complex and involve
to identify several parameters that are difficult to obtain. Some models consider the slurry as a
one phase bulk material with an effective viscosity described by a “power law” that considers the
shear rate and temperature dependencies, e.g. [5]. These Eulerian approaches are very useful to
predict the flow fronts during the mould filling phase. However, they are less appropriate when
one wants to follow the evolution of the skin material. Indeed, the skin is partially solid and has
different mechanical properties. Moreover, it is very thin. Ideally, one should treat the problem as
a fluid structure interaction problem with the skin being a “solid foil” carried by the semi-solid
slurry that can be folded and broken. This kind of modelling can be achieved by an Arbitrary
Lagrangian-Eulerian approach as described in ref [6]. But calculation times are way too long.
Moreover, proper material properties for the “skin” are difficult to evaluate.

Smooth Particle Hydrodynamics (SPH) is a meshfree, Lagrangian particle method for
modelling fluid flows. The scheme was initially developed by Lucy [7], and Gingold and
Monaghan [8] to solve astrophysical problems in three-dimensional open space. Besides the
meshfree and adaptative nature of the method, the particles in SPH also carry material properties.
The latter can move in relation to the internal interactions between the particles as well as to the
external forces applied to the “fluid” domain. The method has already been successfully applied
to predict the oxides generated by several casting pouring processes e.g. [9-11]. To the author’s
knowledge, there is only one reference in the literature that has applied the SPH method to the
investigation of semi-solid two-phase flows [12].

In this paper, the Smooth Particle Hydrodynamics method is used to model the injection of a
semi-solid billet into a mould. The method is applied to give a preliminary approximation for the

skin inclusion problem occurring in semi-solid casting processes.

Problem settings
The problem considered in this paper is the casting of a suspension arm by semi-solid metal
process. The “as cast” part is depicted in figure 1-(a). The ring around the shot sleeve end is
designed to catch the skin and oxides on the billet surface [13]. The equivalent SPH model

includes the shot sleeve, the billet, the plunger and the mould contours as depicted in figurel-(b).



At time t=0, only the shot sleeve is filled. The remaining volume of the mould is empty. The
skin of the billet is identified on the sides by yellow particles. In this study, the skin has the

properties of the core of semi-solid aluminum. The case is considered as isothermal.
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Figure 2: Suspension arm and associated SPH model

For this problem, length and time units are respectively millimeter and millisecond. The plunger
velocity is set constant to 1 mm/ms. Filling thus takes place in 172 ms and the plunger stroke is
172 mm. “CONTACT AUTOMATIC NODE TO SURFACE” is used between the particles and
the die walls. Die and plunger parts are considered as “RIGID” materials. The semi-solid billet is

approximated by “MAT NULL” material. The model parameters are presented in table 1.

Table 1 — SPH model parameters

Number of SPH particles N =123341
Density 2.67x10° g/mm”
Dynamic viscosity 1.0x10” MPa.ms

As a first approximation, the viscosity of the material is taken as constant, (physically, the latter

is actually shear rate and temperature dependent). The initial number of neighbours is set to



2000. In the SPH SECTION definition of the problem, the constant applied to the smoothing
length of the particles is set to 1.2. To reduce the size of the problem and to model only one half
of the suspension arm, a “BOUNDARY SPH SYMMETRY PLANE is employed on the
symmetry plane.

Results and discussions
It must be emphasized that the aim of this work is essentially to show the potential of the SPH
approach to eventually follow and control skin inclusions into semi-solid cast parts.

Figure 3 shows the filling sequence at the shot sleeve level. The results are shown on the
symmetry plane. The plunger moves leftward and pushes the semi-solid metal against the
diaphragm. The later device acts as a constriction which promotes the incorporation of the core
of the billet into the feeding channel. An oxide ring is also set at the same plane, on the perimeter
of the sleeve, to trap the oxidized skin and lubricants that are on the peripheral billet surface. At t
= 12 ms the “skin”, in yellow, begins to enter into the oxide ring, see figure 3-(a). The oxide
remover device works well as long as the reservoir is not completely filled up, figures 3-(b) and
(c). At t=80 ms, the skin is forced inward and is directed into the channel and carried over inside
the casting. According to this simulation, the skin material inside the part is depicted in figure 4
for three different times. Note that the “biscuit”, the portion of metal that remains in the shot
sleeve, is very thin. Consequently, almost all the material has been pushed into the mould. Also,
as most of skin inclusion occurs at the end of the plunger stroke, a thicker biscuit would
undoubtedly produce better results, i.e. less skin inclusion inside the part.

Another possibility is to avoid the “scraping” action of the piston on the rear section of the
billet by using a two-piece injection plunger tip in a manner that is very similar to the
ACCURAD principle [14]. For this semi-solid application, the centre section moves together
with the outer section at the beginning of the stroke, in order to fill the injection chamber. Then,
the outer plunger is stopped and only the inner plunger continues moving to fill the part. This
method of injection avoids the scraping of the skin material. At the end, the outer section ejects
the “skin” when the mould is open. The proposed arrangement is depicted in figure 5. With this
configuration, skin particles from the front portion of the billet are again caught by the oxide ring
while skin particles from the back portion of the billet remain on the wall. The final skin particle
distribution at the end of filling is shown in figure 6. It can be seen that skin inclusion is lesser

than the previous case shown in figure 4.
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Figure 3: filling sequence, case 1
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Figure 4: potential “skin defect” locations as predicted by the SPH model, case 1
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Figure 5: “ACCURAD?” principle oxide “preventer”



Figure 6: potential “skin defect” locations as predicted by the SPH model, case 2

Conclusions
The present study should be regarded as a preliminary investigation of the application of SPH
modelling to flow of semi-solid metal. In this study, several simplifications have been made in
the model regarding the nature of the quite complex thixotropic flow with solidification.
Nevertheless, the isothermal approach presented seems very promising. It is shown that skin
inclusions can be avoided by properly designing the injection sleeve and plunger assembly.
Indeed, the skin has to be stripped from the billet walls before it goes through the injection
channel entry. Behind that point, no control is possible as it is easily mixed with the aluminum
core. Of course, a non-Newtonian temperature dependant constitutive model should be used in
the future to better approximate the complex nature of semi-solid flows. Particles representing
the skin should also have their own material properties. Then, these new simulation results

should be compared and validated with real cast parts.
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